Atomic resolution by noncontact atomic force microscopy with a self-sensing quartz tuning fork is achieved in ambient conditions. We have employed a trident-shape quartz crystal resonator oscillating at 1 MHz with a high spring constant of 4ϫ10 5 N/m, allowing subnanometer resolution of the cleaved mica in air.
atomic resolution has been established, in a high vacuum condition, in atomic force microscopy ͑AFM͒ as well as in scanning tunneling microscopy. In contact mode AFM, however, there is a controversy on whether the true atomic resolution is obtained. 2 For example, atomic resolution for layered materials have been reported; 3 but the images rarely show any individual surface defects although they are routinely observed by scanning tunneling microscopy. In particular, atomic resolution persists even at large forces ͑up to 100 nN͒ and the contact area is estimated to be of the order of 100 Å 2 , 2 which indicates that the obtained images may represent collective interactions between several atoms in the tip and the sample.
Since Karrai and Grober 4 introduced the quartz tuning fork as a noncontact, shear force sensor in the near-field scanning optical microscopy, there have been several attempts to use the tuning fork in AFM, [5] [6] [7] [8] magnetic force microscopy, 9, 10 and electrostatic force microscopy. 11 There are several advantages in employing the quartz tuning fork over the use of the cantilever in achieving high-resolution imaging. In particular, the tuning fork has a high Q value (10 3 -10 5 ), small oscillation amplitude ͑0.1-1 nm͒, and low dissipative power (ϳ1 nW).
The low stiffness of microfabricated cantilever generally provides sufficiently small interaction between the sample and the tip in case of contact mode. In noncontact mode, however, the high stiffness of the tuning fork is an advantage because the interacting force can be reduced by minimizing the vibration amplitude of the tuning fork and thereby enhancing the resolution. Giessibl 5 demonstrated excellent noncontact atomic resolution AFM images by using the stiff tuning fork in a high vacuum condition. It was pointed out that the vibration amplitude of the tuning fork could be reduced to about 7 Å due to its high stiffness and its small oscillation amplitude.
This suggests that a tuning fork with an even higher value of stiffness may be of much use for high resolution noncontact AFM. For example, 1 MHz trident-type quartz tuning fork has about 100 times higher stiffness of 10 5 N/m, compared with the commonly used 32 kHz tuning fork. The high frequency property of such a tuning fork is also useful in enhancing the scanning speed of scanning probe microscopes. 12 In this letter, we have demonstrated the atomic resolution tapping mode noncontact AFM by using a trident-type tuning fork as a force sensor in ambient conditions.
A prong of the tuning fork has the dimensions of 1.25 mm long, 93 m thick, and 93 m wide ͓see Fig. 1͑a͔͒ . In extensional vibration mode, the external stress in the longitudinal direction causes the change of length ⌬l, given by Specifically, ⌬lϭ9.3ϫ10 Ϫ3 ϫI 0 in our operation of the microscope. For a trident tuning fork with Qϭ7000, a driving voltage of 5 mV induces a current of about 100 nA, which corresponds to ⌬lϭ100 pm. Note that this value is 10 3 times smaller than the dithering amplitude of the results presented by Giessibl.
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As a force sensor, a microfabricated SiN cantilever tip with a 10 nm radius is manually glued, with its long flexible arm lever detached, to the center prong of the trident tuning fork, as shown in Fig. 1͑a͒ , which has an extremely high spring constant of kӍ5.4ϫ10 5 N/m. The length of the protruded cantilever tip is about 15 m. Due to the additional mass, the resonance frequency of 1 MHz is slightly reduced by 1 kHz. At resonance, the full width at half maximum is about 150 Hz so that the corresponding Q value is about 7000 in air, which is 100 times larger than that of the typical microfabricated cantilever.
The thermal noise of the trident tuning fork can be estimated by the equipartition theorem, given by k͗z th 2 ͘ϭk B T, 5 from which the thermal oscillation amplitude can be obtained by a th ϭͱk B T/k where k B is the Boltzmann constant and T is the temperature. For example, at room temperature, the thermal noise amplitude is estimated to be a th ϭ0.1 pm. An ac voltage of 5 mV at the resonance frequency is applied to an electrode in such a way that the tip vibrates in tapping mode. A current induced on the other electrode due to the piezoelectricity of the tuning fork is then converted into a voltage by a preamplifier. This signal is measured by a lock-in amplifier, where the time constant RC is set to be 500 s. Note that the available frequency resolution is about 1 ppm, which corresponds to 1 Hz.
Threefold metal cases enclose the microscope system to prevent the electric noise, sound noise, and air flow. In order to isolate the floor vibration, the microscope is placed on a 10 kg lead block, which is hung from the inner metal case by four thin wires. A tube scanner with 10 mm diameter and 10 mm length is used for scanning and a motorized microtranslator is employed for coarse approach of the tip. A homemade integrational controller with RC Ӎ1 ms is used to control the z position of the tube scanner.
The vibration amplitude of the probe is measured as a function of the distance D between the tip and sample, as shown in Fig. 1͑b͒ . Inside the tightly sealed metal enclosure, the humidity is reduced by placing porous silica gel. In very dry operation conditions, as the tip approaches and retracts, the corresponding sharp decrease and increase of the oscillation amplitude are observed without any hysteresis within 1 or 2 nm. Figure 2 presents the atomic resolution images of the cleaved clean mica in ambient conditions. This AFM image reflects the sample topography that can be obtained in noncontact tapping mode ͑refer to Fig. 3 for a topography image of another sample͒. We find that the measured atomic corrugation is about 0.5 Å, for which the vibration amplitude is 0.9 pm and the scanning area is 1.5ϫ1 nm 2 . As shown in the figure, a triangular atomic pattern is clearly observed without any defect. The scanning time is 10 s and its scanning frequency corresponds to 10 line/s with the driving frequency fixed at the resonance frequency.
Here, the reference amplitude is selected as ⌬a/a ϭ0.05. Note that in general, the frequency shift ⌬ f due to a force gradient is given by 
where f is the resonance frequency (Ӎ1 MHz). Therefore, with our typical experimental conditions such that the frequency resolution is 1 Hz and the vibration amplitude is 0.9 pm, the minimum measurable force difference is ϳ1 pN. Figure 3 shows an image of cleanly cleaved highly oriented pyrolytic graphite ͑HOPG͒ sample taken with our atomic force microscope in the same conditions. The scanned area is 200ϫ200 nm 2 and the scanning time 3 min. The clear nanoscale-scale steps showing 3-4 Å height indicate the atomic layer topography of the HOPG. This demonstrates that our AFM unambiguously provides the topographic information of the atomic scale samples.
Note that in most cases of the contact mode AFM, the observed atomic images are not usually considered to represent the true sample topography but rather the contrast associated with the lateral force or the frictional force. This may be associated with the fact that the repulsive force between the tip and the sample in contact mode is typically in the range of 1 -10 3 nN, so that it is not likely that a single atom can overcome this large force. Clear atomic images including defects have been observed only in noncontact mode AFM in an ultrahigh vacuum condition. 5 However, the atomic resolution noncontact mode AFM has not been successfully demonstrated in air, partly because the air flow prevents the precise vibration of the cantilever. Therefore, our force sensor incorporating an extremely high stiffness may be of much importance for noncontact operation of the genuine atomic resolution AFM even in ambient conditions. This work was supported by the Creative Research Initiatives of the Korean Ministry of Science and Technology.
